We compared electrophysiological responses [pattern-ERG (PERG) and VEP] and psychophysical measures to color stimuli to separate different forms of anomalous color vision. PERG and VEP were recorded from seven normals and 14 subjects with congenital color vision deficiencies. Stimuli were color checkerboards with 0.5 deg check size, phase reversing at 34 revlsec. The luminance of the red and green parts were varied in opposite direction from O to 30 cdlmz, while the hue of individual squares and space-averaged luminance were held constant. This allowed for one equiluminance condition where flicker appeared fused. In the seven normals, the subjective equiluminance was reached at a luminance ratio red/(red + green) = 0.50-0.53. At that point, the PERG amplitude was moderately, and the VEP amplitude sharply reduced. In 14 color anomalous subjects both the PERG and VEP were sharply reduced at equiluminance. These dips were shifted compared to normals and the dip position corresponded to the predicted luminance ratios obtained by calculations from L-and M-cone activation using the Smith-Pokorny transformation. As we found a close correlation of the VEP-dip position and the anomalous quotient, these electrophysiological measures may allow objective assessment of color vision deficiencies. 01997 Elsevier Science Ltd. All rights reserved.
INTRODUCTION
Congenital red/green color vision deficiencies are Xchromosome-linked genetical abnormalities. The physiological defect is localized in the photopigment of the cones. So far, these deficiencies have been measured psychophysically, e.g. using the anomaloscope with Rayleigh matches. Advancements in molecular genetics have led to the cloning and sequencing of the human Xchromosomal cone pigments (Nathans et al., 1986) . This ultimately leads to correlation of the genotype and the clinically defined color vision defect. According to recent work (Merbs & Nathans, 1992) , it is possible to find the typical absorption spectra of different genotypes even in the red/green hybrid situation of pigments produced in cultured cells.
Besides psychophysical and genetic examination it might be useful to obtain electrophysiological data on color vision deficiencies as objective correlates. Previously, high frequency flicker ERG (Dodt et al., 1958; Copenhaver & Gunkel, 1959; Padmos & van Norren, 1971) , the photopic b-wave (Yokoyama et al., 1973) , the early receptor potential (Yonemura & Kawasaki, 1967;  "Elektrophysiologisches Labor, Universitats-Augenklinik, Freiburg, Germany. To whom all correspondence should be addressed. Lapp & Tanabe, 1981; Kawasaki, 1987) and the rapid-off response of the ERG (Yonemura & Kawasaki, 1979; Uji & Yokoyama, 1984; Kawasaki, 1987; Uji, 1987) were analyzed in congenital color vision deficiencies for differentiation. Electrophysiological differentiation of congenital color vision abnormalities has also been shown beyond the receptor site (Regan & Spekreijse, 1974; Niepel et al., 1990; Bach & Gerling, 1992; Crognale et al., 1993) . In this study we focus on responses of the retinal ganglion cells (PERG) and the visual cortex (VEP) for objective diagnosis of dyschromatopsia. Former results (Bach & Gerling, 1992) have shown that the "equilurninance tuning curves" for normal observers and for one dichromat show characteristic minima. Since the dip position in that dichromat differed from the dip position in normals it was the aim of the present investigation to study color contrast by PERG and VEP in a range of color vision deficiencies.
METHODS
We examined seven visually normal and 14 color anomalous subjects. Acuity was >1.0, age ranged from 23 to 67 years. In all subjects the diagnosis was based on a Rayleigh match obtained with the Nagel anomaloscope.
Stimuli were presented on a visual color display unit (NEC Multisync II) controlled by a color graphics board (miro 510, resolution 6 bits per gun). Calibration and gamma correction were performed using a photodiode with near V).-sensitivity (BPW 27), which in turn was calibrated with a Minolta photometer. The photometer itself was calibrated with a spectroradiophotometer (Photoresearch, SpectraScan PR-704) to correct small deviations from the V).-curve. The stimulus screen subtended 26 x 34 deg at a distance of 57 cm. The stimulus patterns were presented within a circle of 9.5 deg radius surrounded by a yellow field of 15 cd/m2. Checkerboards with a mean luminance of 15 cd/m2 and a check size of 0.5 deg were counterphased at 34 reversals/ sec (i.e., 17 Hz). The luminance of the red (x = 0.611, y D 0.346) and green (x = 0.303, y = 0.591) checks varied in opposite direction from O to 30 cd/m2. A stimulus sequence began with dark red and bright green checks, passed equiluminance and ended with bright red and dark green checks in 15 steps. Denser sampling around the subjective equiluminance point was performed in color anomalous subjects. PERG responses were recorded with DTL electrodes (Dawson et al., 1979) above the margin of the lower lid, referenced to the ipsilateral outer canthus. Simultaneously, the VEP was recorded from Oz vs FPz. A stepwise-sweep computer program allowed us to present the stimuli in an interleaved block design. A sequence of 15 stimuli was repeated 10 times, resulting in a total of 150 sweeps for each condition. Subjects indicated equiluminance where the flicker appeared lowest or absent.
Evoked potential amplitudes were measured in the frequency domain of the reversal frequency using Fourier analysis. As a sweep contained exactly an integer number of responses, spill-over artifacts could not occur in the Fourier analysis.
Measurements at the 15 different luminance conditions allowed us to establish "equiluminance tuning curves". For normals and dichromats the dip position of the VEP and PERG amplitudes can be theoretically predicted as follows: the dip position appears at that luminance ratio t= red red+greerr ' where both colors activate the available cone types by the same degree; a case of silent substitution (Dormer & Rushton, 1959; Estevez & Spekreijse, 1982) . If we neglect the S-cone contribution, equiluminance in normals is characterized by LR + MR O~LG + MG (LR = L cone activation by the red fields, L~= L cone activation by the green fields; MR, MG = M-cone activation by the red and green fields, respectively). Thus, in normal subjects both cone activations (L and M) must be considered. For equiluminance in deuteranopes (LR~LG) and in protanopes (MR~M&), so only the activations of the one relevant remaining cone type have to be considered. Cone activations can be calculated from the SmithPokorny transformation (Wyszecki & Stiles, 1982) Figure 1 shows original recordings from one protanopic subject. PERG and VEP traces and the corresponding Fourier spectra are presented at the pure luminance conditions (t = O,t= 1) and at subjective equiluminance (t= 0.68) for this subject. At the luminance conditions (top and bottom) a strong stimulus response is seen in the Fourier spectrum at a frequency of 34 rev/see (arrows). At equiluminance (t=0.68) the PERG and VEP amplitudes drop down to noise level. Figure 2 shows the grand average result for seven color normals (results from Bach & Gerling, 1992) . Here, the amplitudes (Fourier component at 34 Hz) are plotted vs the luminance ratio t= *.
Amplitudes are normalized relative to the mean response at the two achromatic conditions [t = O and t= 1] to overcome different absolute amplitudes of PERG and VEP and interindividual amplitude variability. The arrows indicate the subjective equiluminance point of our subjects (t= 0.50 or 0.53) and the predicted equiluminance point as calculated from the Smith-Pokorny transformation (see Methods section). At those points the"equiluminance tuning curves" show a pronounced minimum for the VEP. The PERG is lower around equiluminance as compared to luminance contrast stimulation, but the dip is less pronounced. Thus, the relative attenuation at equiluminance is more pronounced in the VEP as compared to the PERG.
Figure 3(a) shows the normalized equiluminance tuning curve for a protanope. Protanopes report flicker fusion for a condition where normal observers perceive the red fields much brighter than the green ones. Around the subjective equiluminance, measurements were sampled more closely. VEP and PERG of this protanope both show an amplitude minimum at t= 0.68. At this point both amplitudes drop to noise level. Similar results (t= 0.67 and 0.68) were obtained for another three protanopes (not depicted). In a protanomalous subject equiluminance occurred at t= 0.63, together with a VEP and PERG amplitude minimum (Fig. 3(b) . Similar results IGURE 3. Equiluminance tuning curves for two protan subjects. For protans, dip and subjective equiluminance are shifted to brighter red compared to normal subjects.
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(t= 0.63, 0.65) were obtained for further protanomalous subjects (not depicted). Deutan subjects reported flicker fusion for a brighter green and a darker red. Accordingly, their dip in the equilumince tuning curves is shifted to the left. In one deuteranope the VEP and the PERG showed a broad trough with a minimum at t= 0.43 [ Fig. 4(a) ]. Two further deuteranopic subjects (not depicted) had a minimum at t= 0.43 and 0.41, respectively. In one case of deuteranomaly [ Fig. 4(b) ], the VEP and PERG dip occurred at the luminance ratio t= 0.41 as well as in three others.
In Fig. 5 the position of the VEP dip in the equiluminance tuning curve is plotted vs the anomalous quotient for all our subjects. There is a close correlation between the electrophysiological results and the psychophysical results obtained by the anomaloscope.
DISCUSSION
At or near equiluminant color flicker fusion, the VEP shows a dip in the equiluminance tuning curve in color normal subjects (Regan & Spekreijse, 1974; Bach & Gerling, 1992) . The PERG, however, is only moderately reduced at equiluminant color flicker fusion and reflects residual activity of the retinal ganglion cells in flicker fusion (Kulikowski & Russell, 1989; Lee et al., 1989) , possibly from the the Pfl cells feeding into the parvo stream (Bach & Gerling, 1992) .
In congenital color vision deficiencies, both the VEP and the PERG show a deep amplitude dip at equiluminance. Compared to normals this minimum is shifted (Figs 2-4) . In our 14 subjects with color vision deficiencies we found a close correlation between the position of the dip in the equiluminance tuning curve and the psychophysical anomaloscope result (Fig. 5) .
Two caveats apply when comparing the present electrophysiological findings with the psychophysical measures obtained by the Nagel anomaloscope.
q Field size: The anomaloscope has a 2 deg test field, while we used a 9.5 deg test field to evoke sufficiently large amplitudes. Field sizes as small as the anomaloscope test field would not evoke a sufficiently large electrophysiological response. Dichromats tend to turn into trichromats when very large test fields are used (Smith & Pokorny, 1977) .
q Temporal properties: Flicker photometric measures of spectral sensitivity show an overlap between dichromats and anomalous trichromats (Verriest, 1971) .
Correlations between electrophysiological data and anomaloscope results were already reported for measurements at the receptor site. The amplitude ratio of the rapid off-response and the early receptor potential of the ERG measured at only two wavelengths (480 and 620 nm) significantly differed between protans and deutans (Kawasaki, 1987) . Therefore, the protan and deutan anomalous quotient (AQ), as measured by the Nagel anomaloscope. The protanopes are depicted on the extreme left and the deuteranopes on the extreme right, as the AQ proper is not defined in dichromates. A close correlation of the electrophysiological and the psychophysical results is seen.
groups may be differentiated by this ratio. It was concluded that these methods were useful for the objective differentiation of protans and deutans at the level of the photopigments. A differentiation between dichromats and anomalous trichromats or between congenital color vision deficiencies and normals was difficult since the results of the groups showed an overlap. As it is necessary to use very high stimulus energies to evoke an early receptor potential and the amplitudes are proportional to stimulus energy, small changes in fixation may cause significant changes in response.
Beyond the receptor site it was first shown by Regan and Spekreijse (1974) in one case of deuteranopia that the VEP amplitude to a red-green pattern stimulus is attenuated at equiluminance. Since they used a stimulation rate of 1.85 Hz, their stimulus was far below flicker fusion. Thus, color-opponent processes and activation of the rods cannot completely be ruled out. Crognale et al. (1993) measured VEP latencies to gratings that varied in different directions in color space. The relative response latencies for protans and deutans were largest along the LM axis and near normal along the S axis. In protanopia, latencies were larger than in protanomaly. Generally, larger latency corresponds to a "weaker" response. Thus "larger latencies" would correlate with "lower amplitude", as measured here.
Differences between normal color vision and color vision deficiencies at the level of the retinal ganglion cells were studied by Niepel et al. (1990) . When changing the radiance ratio of alternate monochromatic checks they found an amplitude minimum of the PERG in two cases of anomalous trichromacy (one deutan and one protan subject). These minima were measured near the radiance ratio for silent substitution of the L-and Mcones. While this result corresponds to our findings in six subjects with anomalous trichromacy, we could further show that dichromats have absolute minima in the equiluminance tuning curve at the point where silent substitution occurs. In one normal subject Niepel et al. (1990) measured the amplitude minimum very close to the point of the deutan subject. Since they used a stimulation rate of 3.5 Hz, their stimulus frequency was far below flicker fusion and thus color opponent processes or activation of the rods could not be completely ruled out. Contrary to their results we measured a relative PERG minimum in seven normals that was distinctly different from the deutan silent substitution point and located where it should be expected from calculation with the Smith-Pokorny transformation (see below). Thus, a mechanism of cone interaction beyond the receptor level, as postulated by Niepel et al. (1990) to explain the position of the PERG minimum in their normal subject, seems unnecessary.
Additionally we found that the dip positions in the equiluminance tuning curves obtained by PERG and VEP recordings in normals and dichromats correspond closely to the calculated values for the equiluminance condition derived from the Smith-Pokorny transformation (see Methods section). For normals the theoretical luminance ratio tt = *, where both colors activate % the available cone types y the same degree was 0.5. The dip position in our measurements appeared at the experimental luminance ratio t. = 0.5 to t.= 0.53. For protanopes tt was calculated as 0.68, the tuning curves dipped at te= (0.67-0.68) . For deuteranopes ttwas calculated as 0.43, the tuning curves dipped at te = (0.41-0.43). Although the measurements correspond closely to the calculated values for equiluminance, even better accordance should be reached with a 14 bit color raDhics board (instead of our resolution of 6 bits ner gun) and with even denser sampling around the subjective equiluminance point. For anomalous trichromats we found a PERG and VEP reduction that was close to the dip position found in dichromats. This difference between anomalous trichromats and dichromats is probably caused by the small shift in spectral sensitivity of the human hybrid cone pigments (DeMarco et al., 1992) .
While deuteranopes and deuteranomales display similar electrophysiological findings, there is a close correlation between the position of the amplitude dip in the equiluminance tuning curves and the psychophysical anomaloscope results (Fig. 5) of protanopes, protanoma10USsubjects, normals and deutans. Thus, this method might add an objective measure in assessment of congenital color vision deficiencies.
